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(57) Abstract: A method of manufacturing an electro -optic device is described, comprising the steps of applying to a semiconductor 
a first dose of a dopant impurity to a first depth, and further applying, by implantation, a second dose of dopant impurity at an energy 
sufficient to implant the dopant to a second depth, the second depth being greater than the first depth. Both doses can be applied 
by implantation. The second dose can thus extend to the insulating layer of an SOI structure whilst the first offers a good ohmic 
contact and increased lateral injection efficiency. A third dose of dopant impurity can by applied between the first and second. The 
application also relates to an electro-optic device comprising a doped region in which the concentration profile of dopant with depth 
comprises at least one point of inflexion, a minima, and/or a maxima between a pair of minima. 
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ELECTRO-OPTIC DEVICES 



The present invention relates to electro-optic devices, and in particular 
electro-optic modulators, and methods by which they may be constructed. 

Electro-optic modulators are used to affect the complex refractive index of 
a semiconductor waveguide and thereby affect the phase and amplitude of an optic 
mode propagating therein. Commonly, in injection-type modulators, a p-i-n diode 
is formed across the waveguide such that charge carriers are injected into the 
region in which the mode is propagating. The presence of significant numbers of 
charge carriers affects the local refractive index and thus the speed of light 
transmission. This effect can be used in switches, interferometers, attenuators etc. 

In silicon-on-insulator (SOI) devices, a buried oxide layer acts as an insulating 
layer which provides confinement of the charge carriers in the vertical direction. 
However, it has been found that significant numbers of charge carriers still escape 
laterally, and this adversely affects both the performance of the device and its 
reproducibility. We have proposed to deal with this by arranging for the doped 
regions to extend from the base of a recess formed in the semiconducting layer. 
Another issue is the thermal and stress loads on the integrated device as a whole 
involved in the doping process, and the present invention seeks to minimise these. 
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The present invention therefore provides a method of manufacturing an 
electro-optic device comprising the steps of applying to a semiconductor a first 
dose of a dopant impurity to a first depth, and further applying, by implantation, a 
second dose of dopant impurity at an energy sufficient to implant the dopant to a 
second depth, the second depth being greater than the first depth. 

The semiconductor preferably comprises silicon, but other semiconductors 
may be used. The dopant preferably is applied above an optical confinement and/or 
electrically insulating layer situated below a surface of the semiconductor from 
which the dopant is applied. 

Thus, a first dose creates a high dopant concentration near the surface of the 
semiconductor and allows a good ohmic contact. The second dose creates a deep 
dopant profile that, where necessary, extends to the insulating layer of an SOI 
structure for example. This provides the profile needed for the structures described 
above. To create such a structure by other means would require the dopant to be 
driven deeply into the semiconductor in a manner that would impose a high thermal 
load on the device. Thus, to additionally ensure an ohmic contact despite the 
strong drive-in, the total dopant dose would also need to be high. 

It is preferred that both doses are applied by implantation as this will be more 
straightforward in practice. Likewise, it will usually be more straightforward to 
apply the first dose prior to the second dose. However, the second dose can be 
applied first. 

It will usually be appropriate for the second dose to be greater than the first, 
per unit area, typically at least 150% of the first. This is to allow an adequate 
dopant concentration despite the greater depth over which the second dose is to 
be spread. 
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As mentioned above, the invention is particularly appropriate for use with 
semiconductors comprising a substrate on which there is an insulating layer, over 
which there is a semiconducting layer in which the dopants are placed, e.g. an SOI 
device (silicon-on-insulator). More generally, the semiconductor preferably 
comprises a substrate on which there is an optical confinement layer, over which 
there is a semiconducting layer in which the dopants are placed. The optical 
confinement layer preferably comprises such an insulating layer (e.g. silica in the 
case of the semiconductor being silicon). This is because in such devices we have 
identified a need to extend the dopant dose to the insulating layer. Thus, it is 
preferred that the second depth is at least 80% of the thickness of the 
semiconducting layer, more preferable at least the thickness of the semiconducting 
layer. 

According to the invention, a third or further dose of dopant impurity can 
also be applied. Typically, which the third dose is greater than the first dose and 
less than the second dose per unit area and is also applied by ion implantation. 
Ideally, it is implanted with sufficient energy to reach a third depth which is greater 
than the first depth and less than the second depth. 

It will clearly be simplest for the first, second and third (where applied) 
dopants to be identical in nature. 

The present invention also relates to an electro-optic device comprising a 
doped region in which the concentration profile of dopant with depth comprises at 
least one point of inflexion. 

It is preferred that the doped region is adjacent an optical waveguide such 
as a rib waveguide. In such an arrangement, the device can include a further doped 
region, located such that the waveguide passes between the two doped regions, 
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the doped regions defining a modulator structure for optical modes conveyed by the 
waveguide. 

Embodiments of the present invention will now be described by way of 
example, with reference to the accompanying figures, in which; 

Figure 1 is a cross-sectional view of a p-i-n diode employing recessed 
junctions; 

Figure 2 is a graph showing the dopant concentration with depth for a two 
step doping procedure; 

Figure 3 is a graph showing the dopant concentration with depth for a three 
step doping procedure; and 

Figures 4 and 5 are graphs showing carrier concentration with position 
resulting from two-stage implantation. 

Figure 1 shows a p-i-n diode of the type to which this invention is directed. 
It should be understood, however, that the invention is concerned with providing 
a deep dopant profile in combination with a significant dopant concentration at 
shallow levels, whilst minimising thermal and other loads on the device. 
Accordingly, the invention is not limited to devices of the type shown in figure 1 . 

An SOI structure comprises a substrate 16 over which is formed an 
insulating layer 1 4, on which a silicon layer 1 2 is formed. A ridge 1 0 in the silicon 
epi layer 1 2 defines a waveguide for an optical mode. A cover of silicon dioxide 26 
provides electrical and optical isolation and confinement. 

A pair of trenches 36, 38 are formed either side of the waveguide 10, 
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extending generally alongside. Doped regions 1 8,20 are formed by diffusion and/or 
implantation from the trenches 36, 38 and in this case extend from the bases of 
the trenches 36, 38 to the insulating layer 14, providing good electrical 
confinement in the two lateral directions. 

Further integration of lateral p-i-n optical modulators with other integrated 
optics devices (multiplexers, interferometers, couplers etc.) demands a reduction 
of the thermal budget and the stress. The standard method of fabrication using 
predeposition by diffusion demands usage of a silicon nitride mask and high 
temperature drive-ins which induces great stress and modification of the optical 
properties of other integrated optics devices. Improvements can be obtained by 
employing ion-implantation as a predeposition method. This eliminates some of the 
stress issues associated with silicon nitride layers used as masks, but maintains a 
high thermal budget for the drive-in process step following the initial deposition. 
Also, to obtain good efficiency from the injectors, relatively high doses of the 
implanted dopant elements are necessary. Even in this case the efficiency of the 
injectors is far from optimum due to the large gradual junction formed by this 
method. 

The present invention addresses the following issues: 

- Reduction of the total implantation dose (related to the time of 
implantation) which is important in order to improve the quality of the 
junctions. 

- Optimisation of the doping profile by using multi-step implantation in 
order to reduce or eliminate the need for drive-in thermal processing. 

- Increasing the injection performance of the p-i-n diodes by using a 
multi-section doped structure. Each sections plays a role in the 
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injection, electrical performance of the contacts and carrier leakage 
blockage. 

Therefore the device can approach an optimum design more closely, and can 
be integrated monolithically with other type of integrated optics devices (such as 
multiplexers and demultiplexers, interferometric devices, couplers) that could not 
stand doping processes with high thermal loads and deposition of high stress 
layers. 

The current invention deals with a class of optical modulators realised using 
a 2D waveguiding structure (typically a rib or strip loaded waveguide) and a lateral 
injection structure (typically a p-i-n diode). The waveguides often have a buried 
insulator layer (typically buried oxide in silicon-on-insulator structures). Such a 
structure using rib waveguide made on SOI and recessed junctions (the junctions 
are "pushed" to the bottom interface by using an etched trench) is, as metioned, 
depicted in figure 1 . 

To achieve the three objectives set out above, an ideal doping profile should 
address the following issues; 

- Good contact resistance, dependent on the concentration of the 
dopant at the surface 

- Good injection level, dependent on the overall doping level of the 
junctions 

- Good blocking of escaping carriers underneath the junctions, 
dependent mainly on the level of doping at the interface with the 
buried layer (buried oxide). 
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Another constraint is the possibility of fabrication using ion-implantation 
techniques and Rapid Thermal Processing (RTP) with practically no thermal load to 
the remainder of the wafer. Also, an ideal solution should not rely on the use of 
high stress dielectric films in the processing (such as silicon nitride) which can 
perturb other sensitive integrated optics devices. 

In a first embodiment (Figure 2), the doping is carried out by a superposition 
of two profiles. A first implant localised next to the surface will insure a high level 
of dopant necessary to have a good ohmic contact. The second implant is provided 
to a greater depth and ensures good injection and carrier blocking. In the 
embodiment of figure 2 a short drive-in step of 10 minutes at 1050°C using RTP 
is provided in order to extend the original profile to a somewhat greater depth and 
also achieve a significantly high level of doping at the interface with the buried 
oxide. This solution introduces a negligibly small thermal load and is therefore 
acceptable in practice. 

In a second embodiment (Figure 3), the doping profile is obtained by 
superposition of three implants and does not require any drive-in thermal process. 
A Rapid Thermal Processing (RTP) step is sufficient to activate the impurities. 
Therefore, this embodiment is very well adapted for further integration with other 
integrated optics devices (such as Arrayed Waveguide Gratings, Mach-Zehnder 
interferometers etc.) which have a high sensitivity to thermal induced stress during 
processing. 

According to this embodiment, a third implant is arranged to inject dopant 
to a depth intermediate the first and second. This therefore provides a step 
between the two and allows the second implant to be driven deeper than 
otherwise. 
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Simulated carrier concentrations for a two-step profile as per the first 
embodiment are shown in figures 4 and 5. The concentration of holes is shown at 
a high injection regime is considered in which p=n. These allow an evaluation of the 
injection efficiency in the case of a rib waveguide on an SOI substrate. Each 
proposed solution is compared against a standard device having a gradual junction 
made by predeposition of the dopant and a drive-in step. 

Experimental data are available for doping profiles obtained for standard 
structures made by ion implantation dopant predeposition (doses 8x10 15 cm" 2 for 
boron and 10 16 cm" 2 for phosphourus) followed by a drive-in step during thermal 
oxide growth (40min at 1050°C) and they were used in this calculation. 

Figure 4 shows the carrier distribution for the two stage profile of figure 2, 
at different doses of the second implant, maintaining the first implant dose constant 
at 2x10 15 cm' 2 for both dopants. The standard case is depicted as a solid line 
labelled P. Three cases are shown, in which the second implant dose is 4x1 0 15 cm" 2 
(line Q), 2.3x1 0 15 cnV 2 (line R) and 2.9x1 0 15 cnrr 2 (line S). It is possible to increase 
the efficiency of the injection (equivalently the level of injected carrier 
concentration) by 10% in the case of the second implant having a dose of 
2x10 15 cm" 2 . 

It is worth noting that, compared to the standard case, the overall dose was 
2.5 times smaller whereas the carrier concentrations are comparable. The 
improvement in injection efficiency for the case of the two-section dopant profile 
is significant. 

Figure 5 shows the results obtained for a three stage profile (figure 3). 
Again, line P shows the standard case whereas lines T and U refer to second doses 
of 4x10 15 cm" 2 and 3.3x1 0 15 cnrf 2 respectively. For doses about 20% lower than in 
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the case of two stage profiles, a significant improvement in the injection efficiency 
of about 60% higher than the standard diode is obtained, together with a reduction 
in the lateral leakage with respect to the two stage device. This device also has the 
advantage of being fabricatable using only ion-implantation steps and Rapid Thermal 
Processing steps, which implies very low thermal budget for the process and 
therefore compatibility with very sensitive interferometric devices. 

It will be understood that many variations may be made to the above- 
described embodiments without departing from the scope of the present invention. 
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CLAIMS 

1 . A method of manufacturing an electro-optic device comprising the steps of 
applying to a semiconductor a first dose of a dopant impurity to a first depth, 
and further applying, by implantation, a second dose of dopant impurity at 
an energy sufficient to implant the dopant to a second depth, the second 
depth being greater than the first depth. 

2. A method according to claim 1, in which the doses of dopant are applied 
above an optical confinement and/or electrically insulating layer situated 
below a surface of the semiconductor from which the dopant doses are 
applied. 

3. A method according to claim 1 or claim 2 in which both doses are applied by 
implantation. 

4. A method according to any one of the preceding claims in which the first 
dose is applied prior to the second dose. 

5. A method according to any one of the preceding claims in which the second 
dose is greater than the first per unit area. 

6. A method according to claim 5 wherein the second dose is at least 1 50% of 
the first. 

7. A method according to any one of the preceding claims in which the 
semiconductor comprises a substrate on which there is a said insulating 
and/or optical confinement layer, over which there is a semiconducting layer 
in which the dopants are placed. 
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8. A method according to claim 7 in which the second depth is at least 80% 
of the thickness of the semiconducting layer. 

9. A method according to claim 7 in which the second depth is at least the 
thickness of the semiconducting layer. 

1 0. A method according to any one of the preceding claims in which a third dose 
of dopant impurity is applied. 

11. A method according to claim 10 in which the third dose is greater than the 
first dose per unit area. 

12. A method according to claim 10 or claim 1 1 in which the third dose is less 
than the second dose per unit area. 

1 3. A method according to any one of claims 1 0 to 1 2 in which the third dopant 
dose is applied by ion implantation. 

1 4. A method according to claim 1 3 in which the third dopant dose is implanted 
with sufficient energy to reach a third depth which is greater than the first 
depth. 

15. A method according to claim 1 3 or claim 1 4 in which the third dopant dose 
is implanted with sufficient energy to reach a third depth which is less than 
the second depth. 



16. 



A method according to any one of the preceding claims in which the dopant 
of the first and second doses is identical in nature. 
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1 7. An electro-optic device comprising a doped region prepared according to any 
one of the preceding claims. 

1 8. An electro-optic device comprising a doped region in which the concentration 
profile of dopant with depth comprises at least one point of inflexion. 

19. A device according to claim 18 in which the profile includes a maxima 
between a pair of minima. 

20. A device according to any one of claims 1 7 to 1 9 in which the doped region 
is adjacent an optical waveguide. 

21 . A device according to claim 20 in which the waveguide is a rib waveguide. 

22. A device according to claim 20 or claim 21 which includes a further doped 
region, the waveguide passing between the two doped regions, the doped 
regions defining a modulator structure for optical modes conveyed by the 
waveguide. 
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